The interaction between intersubband resonances (ISRs) and metamaterial microcavities can form a strongly coupled system where new resonances form that depend on the coupling strength. Here we present experimental evidence of strong coupling between the cavity resonance of a THz metamaterial and the ISR in a high electron mobility transistor structure with a triangular confinement.
resonance of the two dimensional electron gas (2DEG) is coupled to the THz split ring resonators (SRRs) [14, 15] , complementary SRRs [16] and superconducting complementary metasurfaces [17] by externally tuning the magnetic field. However, electrical tunability is more preferable for extending the potentials of light-matter coupling into realizable devices.
In 2012, Gabbay et al. [18] have modelled the coupling of metamaterials to electrically tunable ISRs in a square quantum well for mid-infrared frequencies, later demonstrated experimentally by Benz et al. [19] [20] [21] . Due to local bending of the incident electric field in a direction parallel to the growth axis (polarization selection rule) around the metamaterials, they can be employed to couple the free-space THz radiation to excite the intersubband transitions in parabolic quantum wells [22] [23] [24] and modulation doped multi-quantum wells [25] . High electron mobility transistor (HEMT) structures, on the other hand, form the building blocks of most modern high-speed electronic circuits. Monolithic integration of MMs with HEMT permits amplitude modulation of THz radiation at MM resonances up to few MHz [26] in the linear light-matter regime. Such integrated devices not only show potential application towards electrically tunable THz devices, but also in the ultrastrong light-matter interaction regime.
In this contribution, we exploit the wide tuning possibility of ISR in a single triangular quantum well by an external bias in contrast to the square well, by driving the device from an uncoupled to a strongly coupled regime. We present experimental results on strong coupling of the 2DEG ISR in a modulation-doped HEMT structure to the fixed cavity resonance of a THz MM by electrically tuning the ISR with a high quality epitaxial, complementary-doped and transparent electrostatic gate [27] . The tuning mechanism is attributed to the quantumconfined Stark effect [28] . The use of complementary epitaxial gates is advantageous since the low vacuum band-offset leads to greater electrical tunability.
Designing the Metamaterial-HEMT Device
Intersubband transitions in semiconductor quantum well can be designed to cover the wide infrared region of the electromagnetic spectrum [29, 30] . The device is based on intersubband transition in 2DEG, formed in a GaAs/Al x Ga 1−x As heterojunction of a HEMT structure, fig. 1(a) . The HEMT consists of a heterostructure that is delta-doped in the Al x Ga 1−x As layer, 50 nm from the heterojunction. The electrons from the delta-doped donors diffuse to the GaAs layer. This results in the presence of a strong built-in space charge fields between the carriers in the GaAs and donors in the Al x Ga 1−x As. The potential near the heterojunction can be approximated as a triangular potential with a constant slope in GaAs layer from the space-charge field and a vertical barrier from the GaAs/Al x Ga 1−x As conduction band-offset. The electronic motion perpendicular to the surface is quantized, resulting in the formation of quasi-two-dimensional-subbands. By varying the external bias, the slope of the triangular potential along with the transitions energies can be tuned. In contrast to a square with abrupt barriers on either side, a triangular well with gradual slope (on the GaAs side) will have a much greater effect on tuning the subband spacings by electrical bias. The external bias is applied by making contacts to the 2DEG and a heavily doped p-type region on the surface which forms an epitaxial gate. The complementary doping of the epitaxial gate leads to a low vacuum band-offset (typically 0.5 eV), thus a lower depletion of carriers and hence a wide voltage tunability of the device (or intersubband levels). The thickness of the epitaxial gate is only 20nm which is much less than the skin depth. This makes the epitaxial gate transparent to THz radiation. Further details on the layer sequence of the sample are described in the methods section.
Arrays of double-sided Au split-ring resonators (SRR) are deposited on top of the de-vice, shown in fig. 1(b) and (c). The SRRs have sub-wavelength sizes and are designed to have a cavity resonance comparable to the first intersubband transition in the 2DEG. The resonators are similar to electrical-inductor-capacitor (ELC) circuit, where the inductive regions correspond to the loops of the SRRs and the capacitive regions correspond to the gaps in the loops of the SRRs. As shown in fig. 1(d) , the double-sided SRRs consists of two single SRRs that are mirror images of each other for reflections along the central metal line [14] .
The current travels in a clockwise direction for one of the single SRRs and in anticlockwise for the other. Thus the induced magnetic fields from the two SSRs will average to zero and the double SRR will only couple to external electric fields through the capacitive regions. there is a significant out-of plane field from fringing effects on the surface [32] . This can be seed in fig. 2(c) , where the electric field distribution, (|E z |) in the growth direction along the cut, indicated by the white line in fig. 2 (a) and (b) is shown. The equivalent electrostatic capacitance is an important parameter of the microcavities which play a key role in strong light-matter coupling. This is due to the fact that the Rabi frequency is directly proportional to the equivalent capacitance [33] .
2DEG Intersubband Resonances
In order to characterize the energy eigenvalues of the 2DEG confined in a triangular potential well, a self-consistent Schrödinger-Poisson equation is solved using the 1D Poisson solver [34] .
The solution is carried out for different bias applied to the gate. The dependence of the intersubband spacings of two resonances, E 0 → E 1 and E 0 → E 2 are plotted as a function of the electric field strength in fig. 3(a) , where E 0 , E 1 and E 2 corresponds to the ground, first 2 2 / 3 . The quantity, L is defined as the electric length, given
. The normalized oscillator strength for E 0 → E 1 transition is calculated to be 0.73 while that of E 0 → E 2 transition is 0.12. According to the sum rule, the normalized oscillator strengths of all transitions sum up to 1, which indicates transition to higher levels are very weak. Under the framework of triangular well approximation, the oscillator strengths is calculated to be independent of the electric field strength ( fig. 3(a) ).
This is unique compared to that of the square potential well as shown by Benz et al. [20] , where there is a small contribution of the quantum-confined Stark shift to the oscillator strengths in the presence of external bias. Due to asymmetric confinement, the ISRs can be tuned with a magnitude one order higher as compared to an equivalent square well. For a triangular well with an effective thickness of 20 nm, if the electric field is tuned by 4.5 × 10 4 V/cm, the ISR (E 0 → E 1 ) can be tuned by 35 meV, while for an equivalent square well for the same change in electric field the ISR is tuned only by 3 meV. The experimentally observed ISRs are blue-shifted due to resonant screening from higher subbands, also known as the depolarization effect [35] [36] [37] and is explained in the methods section. where the current circulates in the inductive part and the field is concentrated between the capacitor plates. The resonance at 1.71 THz is due to the half wave resonance [38] arising from the sides of MM. There are additional losses arising from the epitaxial layer, damping and change in the effective dielectric constant of the layers with the change in temperature. From the quality factor of the resonance at 1.71 THz, we estimated the losses to be around 0.85 THz. On cooling the sample, the cavity resonance will be blue shifted according to [39] : ω 0 = ω 2 r + γ 2 , where ω 0 is the bare cavity resonance without any losses, ω r is the resonance of the MMs including losses and γ is proportional to the ohmic losses in the metal and radiative damping in the cavity. The resulting resonance frequency without losses is calculated to be 1.9 THz, which is very close to the observed resonance at 4.2 K.
Results

Characterization of metamaterials
Charging spectroscopy of the 2DEG
The charging of the 2DEG subbands is observed by capacitance-voltage spectroscopy at layer is filled with charge carriers (green curve). When the sample is illuminated with far-infrared (FIR) broad-band source (Hg-arc lamp), the threshold voltage shifts more to negative values. This is due to the activation of the donor-exchange (DX) centres [40] . As the sample is illuminated longer, more donor atoms from the δ-doped AlGaAs layer ionize and less bias is required to charge the 2DEG subbands, resulting in the shift of charging slope to more negative biases. When the charging spectrum does not shift any more (shown by the blue curve), a steady state is reached. The activation of the DX-centres is a result of residual near band-gap illumination (after filtering by black polyethylene window) from the 
Strong coupling of metamaterials with 2DEG
An FTIR transmission set-up with a rapid scan BRUKER IFS113V interferometer is used for the density chopped infrared transmission spectroscopy to observe the strong coupling of the MM cavity resonance with the 2DEG ISRs. As observed in the charging spectrum, at a bias of −2 V, the conduction band of the 2DEG is pulled above the Fermi level and hence completely depleted of carriers. This voltage is used as the reference voltage in the chopping-scheme at which sample transmission is recorded. The voltage is then increased to −1.50 V, where only one subband is below the Fermi level and corresponding transmission measurements are performed. The voltages are changed alternatively and the respective spectra are co-added and averaged over time. This is repeated for several gate voltages, keeping the reference voltage same. All the spectra are collectively plotted in a contour-plot in fig. 5(a) . It is observed that at low temperature, the cavity resonance shifted to 2.12 THz due to lower losses as compared to the room temperature measurements. The Q-factor of the MM resonance has dramatically improved to a value of 16.9. At V g = −1.425 V, a clear splitting of the ISR can be observed when the ISR (ω 01 ) of the 2DEG crosses the resonance of the MMs at 2.12 THz. The width of the splitting is found to be 0.52 THz.
Two normalized transmission spectra at V g = −1.45 V and V g = −1.40 V, shown by the white line in fig. 5(a) are plotted in fig. 5(b) and (c) . The spectra are smoothed in order to carry out the spectral deconvolution. Three peaks, marked as ω 01 , ω meta and ω 02 can be seen corresponding to the points marked in fig. 5(a) . As described before, the ISRs are blue shifted by 1.2 meV due to the resonant screening from the higher subbands. It is observed that at V g = −2 V, not only the 2DEG channel gets completely depleted of charge carriers but also the response from the capacitive element of the MMs is screened due to charges in the epitaxial layer. By applying bias on the epitaxial gate below the MM, a significant modulation of the intensity (or amplitude) of the cavity resonance is observed [26, 41] . Thus in our chopping scheme, the MM resonance at 2.12 THz disappears for biases lower than −1.45 V and begins to appear for biases higher than −1.425 V. In our experiments, we limit the bias applied on the gate to −1.3 V. Since with increasing bias the slope of the triangular confinement becomes more steeper, the second subband is pulled below the Fermi level, which makes the transition scheme different, which is not desirable.
Discussion
The 2DEG and MMs in our device can be considered as two oscillators, one of which has a fixed frequency and the frequency of the other oscillator (2DEG) is tuned by the gate voltage.
When the frequencies of both the oscillators are similar, they form a coupled system and an anti-crossing phenomenon is observed. Using the common oscillator model, described by Gabbay et al. [18] , the strength of this coupling is found to be directly proportional to the strength of the splitting, described in the methods section. The quantity, Ω, defined as the coupling strength is given by:
where Ω 0 is the bare coupling strength, ξ meta and ξ 10 represent the losses in the metamterials and ISRs and can be equated to the linewidths of the respective transitions. The coupling strength in our experiment is found to be 0.52 THz, while the bare coupling strength is calculated to be 0.56 THz. There is no significant change in the two coupling strengths.
The ratio of the splitting to the sum of full-width at half maximum of both the resonances ) in our experiment is found to be 0.26, which is a clear indication that the observed coupling is in the strong regime and is a significantly high value achieved for a single well.
In conclusion, we show strong coupling of the 2DEG ISR in a heterostructure with a triangular confining potential to the cavity resonance of a THz MM by driving the device from an uncoupled state to a strongly coupled state via electrical tuning of ISR. Due to asymmetric confinement potential, the tuning of the ISR is found to be one order of magnitude higher in comparison to an identical square well. The use of epitaxial gate proved to be advantageous for the use of the direct MMs and consequently tune the ISR at the same time.
With a proper chopping scheme, we successfully demonstrated that the measurement can be performed in one integrated sample without the need of additional reference sample. This is one of the remarkable feature of our device. Moreover, we succeded to achieve ultrastrong light-matter interaction by employing a single triangular quantum well in a high electron mobility transistor heterostructure, with a normalized coupling ratio of 0.26.
Methods
Sample Design
The sample is grown on a semi-insulating GaAs (100) substrate by molecular beam epitaxy.
At first 20 periods of AlAs/GaAs (5 nm/5 nm) short period superlattice (SPS) are grown to smoothen the surface for growth. A 650 nm thick GaAs layer is grown followed by a 50 nm Al 0.34 Ga 0.66 As spacer layer. This is followed by a Si-δ doping and then a 45 nm The transmission measurements are performed to observe the response of the metamaterials alone in the device under purged conditions.
Oscillator Strengths and Depolarization Shifts
Under the triangular well approximation, the intersubband energy edges, E i , are directly proportional to F 2/3 , where F is the electric field strength. Now the oscillator strength for the transition between two subbands in a triangular potential well is proportional to the square of the matrix elements, which in turn is proportional to the square of the electric length, L. The electric length is inversely proportional to F 1/3 . This implies that the oscillator strength does not depend on the field strength in a triangular well and is a constant given by:
where, t i = − 3π i + 
where, N i are the normalization constants given by Ai (t i ) and L = h 2 2m * eF 1/3 . Including the resonant screening effects, the intersubband energies are blue shifted bỹ
where α 11 is the depolarization factor, which according to Ando [42] is given by:
where n 2d is the 2D carrier density; is the dielectric constant of GaAs; 0 is the permittivity of free space.hω 10 is the energy spacing corresponding to the transition, E 0 → E 1 and the overlap factor, S 11 has the dimensions of length and is given by [42] :
which can be written as:
The carrier density is however not a fixed value and changes with the change in bias. Besides the bias also changes the slope of the confinement thus changing the overlap-integral (S 11 ).
At a bias of −1.4 V, corresponding to a carrier density of 2 × 10 11 cm −2 , the depolarization shift is calculated to be 1.2 meV. The details of the calculation is shown in the methods section. The influence of resonant screening becomes important when the level spacings are smaller and the carrier densities are high.
Coupling Strength
The system is assumed to be comprised of two oscillators which are tuned from uncoupled to strongly coupled regime by tuning the ISR of the 2DEG with an external gate bias, making use of quantum-confined Stark effect. Following the model of coupled oscillators, as developed by Gabbay et al. [18] , the coupling between the two resonators can be described by a simple 2 × 2 matrix:
where ω 10 , ω meta are the resonances and ξ 10 , ξ meta are the damping factors corresponding to ISR and metamaterials; Ω 0 is the bare coupling strength of the oscillators. The matrix can be diagonalized to get the upper and lower eigenvalues of the coupled system as:
Subtracting the frequencies, we obtain:
At the anticrossing point, both the resonators start oscillating with equal and real frequencies, the coupling strength, Ω, can be expressed as:
From the two (upper and lower) branches of the transitions, the coupling strength, Ω, is found to be 0. FDTD simulations of metamaterials. In-plane electric field distribution, 
